Study Design. Image analysis model development. Objective. The objective of this study was to develop a novel clinical workflow tool that uses model-based shape recognition technology to allow efficient, semiautomated detailed annotation of each vertebra between T4 and L4 on plain lateral radiographs.
It is well recognized that the presence or incidence of an osteoporotic vertebral fracture is a strong, independent predictor of future vertebral and nonvertebral fractures. [1] [2] [3] Data from 5561 patients enrolled in the European Prospective Osteoporosis Study demonstrate that an accurately read spinal radiograph to identify existing fractures will form a central component in future algorithms for targeting osteoporosis treatment. 4 Unfortunately, the majority of vertebral fractures do not come to clinical attention. 5 This does not make their occurrence any less dangerous as harbingers of serious morbidity and an increased risk of mortality. 3,6 -11 Identification of vertebral fractures, especially when not symptomatic, has been problematic despite their importance. 5, 12 These deformities are often overlooked or go unrecognized even when the opportunity for diagnosis arises fortuitously during routine chest radiography. [13] [14] [15] Clearly, there is an urgent need to increase the opportunities to detect fractures so that clinically beneficial therapeutic interventions can be initiated.
Several methods of describing osteoporotic fractures have been developed. 16 Methods include semiquantitative techniques that involve a degree of subjective judgment by a trained expert radiologist 17 and morphometric methods which are fully quantitative. 18 -20 These latter methods require the manual annotation of 6 or more points on each vertebra to define height measurements that are used to assess reductions in anterior, middle, and posterior heights of vertebral bodies. Subtle shape information that is used in the semiquantitative approach is not captured by using only 3 heights for each vertebra in these quantitative methods 21 and the manual annotation of vertebrae is laborious, imprecise, and involves subjective decisions by the technician placing points. The Genant semiquantitative method 17 has become almost a de facto standard for fracture assessment, but there still remains significant subjectivity, particularly for mild (grade 1) fractures.
The objective of this study was to develop and evaluate a novel clinical workflow tool that uses model-based shape recognition technology to allow a user to perform efficient, semiautomated detailed annotation of the shape of each vertebra between T4 and L4 on plain lateral radiographs. Accurate computerized vertebral fracture detection and classification may benefit from capture of vertebral shape information beyond standard 6-point morphometry, similar to the visual cues that characterize semiquantitative vertebral assessment. 17, 22, 23 Accurate and precise acquisition of vertebral shape may also enhance the prediction of subsequent osteoporotic fractures of all types. This workflow tool was devised as the first stage in the development of a method to aid the speed and reproducibility of lateral vertebral annotation and identification of vertebral fractures on plain radiographs. The underlying technological approach, using model-based vision, was developed to overcome the many challenges related to automated image analysis due to overlying structures, rotation, parallax, and other distortions that create missing information and render inadequate more traditional boundary detection methodologies (Figure 1 ).
Materials and Methods
Lateral radiographs obtained at baseline from 165 study subjects participating in the population-based Canadian Multicenter Osteoporosis Study (CaMos) were digitized to standard format and used to construct a vertebral shape model using a statistical learning technique as well as to estimate the accuracy and precision of this automated software tool for vertebral shape analysis (Optasia Medical, Cheadle, UK). This set of radiographs was enriched so that 50% of cases had at least 1 prevalent vertebral fracture defined as a minimum 20% posterior, medial, or anterior height reduction by manual 6-point morphometric evaluation by the CaMos group. 24 Images from patients that indicated scoliosis of the spine with a Cobb angle greater than 15°were excluded.
A standardized lateral spine radiographic protocol was used to obtain films from all subjects as has been described previously. 24, 25 Briefly, a tube-to-film distance of 100 cm was used with thoracic films centered on T7 and lumbar films centered on L3, allowing for complete evaluation of the T4 to L4. 24 Assessment of vertebrae higher than T4 was not attempted because they are often not clearly visualized on thoracic films due to the thickness of the shoulders overlying these vertebrae. Similarly, L5 can be difficult to visualize on the lateral view because of the thickness of the pelvis. Radiographs were digitized at 150 m per pixel and stored using a clinical trials image tracking and management database, Bio-TRACK (Bio-Imaging Technologies, Newtown, PA). A land-marking protocol was developed to describe the outline of the vertebral body, excluding the transverse process. Three endplate contours allowed for the annotation of both double endplate contours due to rotation/parallax of the vertebral body with respect to the beam (so that both left and right circumferences of the endplate appear one above the other), and a third line representing the projected sagittal midline of each endplate. A double contour was also annotated by land-marking at the posterior edge of the vertebral body which may also be seen as a double contour due to rotation with respect to the beam. A single contour was used for the anterior edge, which included osteophytes.
The radiographs from all 165 subjects were manually annotated. Of these, 100 were randomly chosen to build the vertebral model that can be altered in its shape and appearance using a statistical learning technique (Figure 2) . 26, 27 Each vertebra, from T4 to L4, was demarcated employing a standardized landmarking protocol by 2 trained radiographic technicians using 95 points representing the circumferential vertebral borders, including right/left/central endplate margins, anterior/ posterior margins ( Figure 3A) , and osteophytes when present ( Figure 3B ). Primary landmarks were defined anatomically as the 4 vertebral body corners and the greatest extent of any anterior osteophytes. Secondary landmarks resulted logically from placement of the primary landmarks such as a point halfway between 2 primary landmarks, or a number of equally spaced landmarks along a curve defined between 2 primary landmarks. Land-marking was undertaken using an in-house land-marking application that allowed for the definition of smooth contours that could be automatically populated with these equally-spaced landmarks (Figure 4 ). The number of secondary landmarks between the primary landmarks was chosen to ensure that the shape of the margins was captured with sufficient resolution to determine subtle changes between vertebral bodies. In particular, the cortical endplates and anterior margins where described with more dense sets of landmarks than the other margins. The model was trained automatically using a statistical analysis of the variation in anatomy and image acquisition found by comparing these annotated examples.
In training the model, the sets of annotated landmarks describing each example vertebra were aligned by means of scaling, rotation, and translation. Principal component analysis was performed on the residual shape deviations to describe shape variation. New shapes representing the lateral anatomy of vertebrae may be linearly modeled as the sum of the mean shape plus a weighted combination of the most significant principal components. The radiographic appearance of re- Figure 1 . Example of a lateral plain radiographic image demonstrating distinct anatomic abnormalities (e.g., anterior osteophytes) as well as typical features such as rotational errors, distortions, and overlying structures that restrict accurate automated image analysis.
gions surrounding each landmark was sampled and modeled in a similar way. Consequently, the model can be constrained to search for, and describe, only the shapes and appearances of plausible examples of vertebrae as they are represented in lateral radiographs.
Radiographs from the remaining 65 subjects were used for estimating the accuracy and reproducibility of the developed model software in detecting and characterizing vertebral shape. Thus, the resulting validated model may be used in the annotation of a previously unseen image, where vertebral landmarks are searched for automatically after manual initialization. Manual initialization consisted of placement of a single point in the approximate center of each vertebral body ( Figure 5) .
Accuracy of the vertebral shape model was assessed by measuring the mean absolute distance between manually placed vertebral contours and automatically fitted points on the 65 test subjects ( Figure 5) . 28 Interobserver variability of model results was simulated by automatically varying the placement of model initialization points by adding random offsets of up to 4 mm and running 10 searches on each test image. 28 
Results
Manual landmarking of 95 points on each individual vertebra was successfully executed on the 100 training cases. This provided an adequate data repository required to build a vertebral shape model of the vertebral column from T4 through L4 so that automated shape analysis could be performed successfully on either a single vertebra, groups of vertebrae or the entire column (T4 -L4) among the 65 test cases. Therefore, after manual initialization by specifying a single point at the approximate center of each vertebra, the characteristic shape and contours of a vertebral body on a previously unseen image can be automatically annotated ( Figure 6 ).
To estimate the accuracy and precision errors, 79,895 points were assessed on 841 individual vertebrae from the 65 test subjects. Overall, the mean accuracy error calculated over each vertebra in each test image was 1.06 Ϯ 1.2 mm. This value corresponded to an average 3.4% of vertebral height. Vertebral height reflects the mean of posterior, medial, and anterior heights for each body. Table 1 provides accuracy estimates for each vertebral level separately. The mean error ranged from 0.88 Ϯ 0.98 mm at T9 to 1.34 Ϯ 1.50 mm at L1. However, the largest accuracy error as a function of vertebral height occurred at T4 where the mean error of 1.0 Ϯ 1.15 mm corresponded to an average 4.0% of vertebral height.
The distribution of accuracy errors over all 79,895 points is illustrated graphically in Figure 6 . More than one-half of all errors (i.e., point-to-curve distance) were Ͻ1.0 mm in magnitude, with almost 95% of errors being Ͻ3.0 mm in magnitude (Figure 7) .
Overall, the mean precision error, reflecting simulated interobserver variability, was 0.61 Ϯ 0.73 mm. This value corresponded to an average 2.3% of vertebral height. Table 1 also provides precision error estimates for each vertebral level separately. The mean precision error ranged from 0.43 Ϯ 0.54 mm at L3 to 0.78 Ϯ 0.88 mm at T6. Similarly, the largest precision error as a function of vertebral height occurred at T4 where the mean error of 0.71 Ϯ 0.79 mm corresponded to an average 2.8% of vertebral height.
Discussion
Despite our understanding of the dire clinical consequences associated with vertebral fractures, many remain undiagnosed. Delmas et al 29 reported that approximately 34% of vertebral fractures were not recognized by local readings among 2451 subjects participating in the multinational IMPACT trial. What is most striking about this report was that local radiologists were instructed to use the same semiquantitative technique for fracture assessment that was used by the radiologists at the central, core lab. 17 This suggests that even trained radiologists require additional tools to assist in improving the detection of vertebral fractures.
The current study demonstrates that automated depiction of vertebral shape can be accomplished accurately and precisely from T4 to L4 in patients who do not have scoliosis greater than 15°. The mean accuracy error associated with this technique was 1.06 mm, with almost 95% of errors Ͻ3.0 mm in magnitude. This finding is consequential in that guidelines specified by US federal regulators for defining incident vertebral deformities require at least a 20% reduction with a minimum 3.0 mm of vertebral body height loss. 30 Thus, this definition of threshold morphometric change far exceeds the accuracy error found in this study.
The precision of this automated method also compares favorably with previous studies of interobserver variability estimated for standard morphometric evaluation. In their review of the literature related to vertebral morphometry, Gardner et al 31 reported interobserver precision errors ranging from 2.0% to 10.8% depending on the method employed, the anatomic location of the measurements, and the experience of the technician or radiologist. Grados et al 32 reported precision errors for morphometric assessments of osteoporotic subjects ranging from 3.6% to 5.0% depending on the anatomic location of the measurement. The average precision error in the current study was 2.3%.
The results of the current study are encouraging and indicate that statistical modeling can provide a robust tool for the accurate and reproducible automated annotation of vertebral body shape. This method may prove useful as part of a clinical workflow tool to aid the physician in vertebral fracture assessment and in the serial evaluation of progressive shape changes. Further proposed work will provide expert over-reads of the manual landmarking and extract 6-point morphometry from the automated annotation.
Finally, the development of a software-based shape annotation aid as described in the current study may ultimately provide an efficient clinical workflow tool to help fill the gap in the identification of previously underdiagnosed vertebral fractures so that appropriate pharmacologic treatment can be initiated. Detailed vertebral shape analysis may be further developed to incorporate the known benefits of semiquantitative evaluation of vertebral deformities.
Key Points
• Despite the adverse clinical consequences associated with vertebral fractures, many remain undiagnosed.
• Radiographs obtained from 165 subjects in the Canadian Multicenter Osteoporosis Study (CaMos) were used to construct a vertebral shape model using a statistical learning technique.
• Vertebral contours defined by 95 points per vertebra, represented by 79,895 points in total, were assessed on 841 individual vertebrae.
• The mean absolute accuracy error was 1.06 Ϯ 1.2 mm, corresponding to 3.4% of vertebral height. The mean precision error was 0.61 Ϯ 0.73 mm, corresponding to 2.3% of vertebral height. These error estimates did not differ notably by vertebral level.
• Statistical modeling provides a robust tool for the accurate and precise semiautomated annotation of vertebral body shape. This method may prove useful as a clinical workflow tool to aid the physician in vertebral fracture assessment.
